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1. Introduction {#cphc201900839-sec-0001}
===============

In the grand scheme of things, hydrogen bonding punches well above its weight.[1](#cphc201900839-bib-0001){ref-type="ref"} The unusual properties of water are largely due to hydrogen bonding,[2](#cphc201900839-bib-0002){ref-type="ref"} so that evolution has adapted nature to fit the hydrogen‐bonding properties of normal water, making D~2~O quite toxic,[3](#cphc201900839-bib-0003){ref-type="ref"} whereby both kinetic effects and changed hydrogen‐bonding properties are likely to be important. D~2~O is thought to form weaker hydrogen bonds than H~2~O.[4](#cphc201900839-bib-0004){ref-type="ref"} This hypothesis is supported by its larger molar volume (30.07 Å^3^ mol^−1^) at maximum density compared with H~2~O (29.91 Å^3^ mol^−1^)[5](#cphc201900839-bib-0005){ref-type="ref"} despite its smaller dimensions at room temperature[6](#cphc201900839-bib-0006){ref-type="ref"} and by the fact that the experimental hydrogen‐bond distance in D~2~O is 4 % longer than in H~2~O.[7](#cphc201900839-bib-0007){ref-type="ref"} In contrast, the heat of vaporization and cohesive energy density of D~2~O (10.85 kcal mol^−1^ and 565 cal mol^−1^ cm^−1^, respectively) are higher than those of H~2~O (10.52 kcal mol^−1^ and 549 cal mol^−1^ cm^−1^).[2](#cphc201900839-bib-0002){ref-type="ref"}, [8](#cphc201900839-bib-0008){ref-type="ref"} However, these numbers are affected by the higher average number of hydrogen bonds per molecule in D~2~O (3.76) than in H~2~O (3.62).[7](#cphc201900839-bib-0007){ref-type="ref"} If this correction is applied naively to the heat of vaporization, D~2~O has an approximately 1 % lower energy per hydrogen bond than H~2~O.

D~2~O is known to stabilize proteins (i. e. increase the temperature at which they denature), make them more compact and less flexible than in H~2~O[9](#cphc201900839-bib-0009){ref-type="ref"}, [10](#cphc201900839-bib-0010){ref-type="ref"}, [11](#cphc201900839-bib-0011){ref-type="ref"} and enhance aggregation,[9](#cphc201900839-bib-0009){ref-type="ref"}, [12](#cphc201900839-bib-0012){ref-type="ref"} suggesting that it shifts the equilibrium between inter‐residue hydrogen bonds and competing ones to the solvent in favor of the former. D~2~O behaves in many respects quite differently to H~2~O. For instance, cyclodextrins are approximately 40 % less soluble in D~2~O than in H~2~O,[13](#cphc201900839-bib-0013){ref-type="ref"} polar amino acids are more soluble in D~2~O and proline in H~2~O.[14](#cphc201900839-bib-0014){ref-type="ref"} pKAs are also significantly different in D~2~O than in H~2~O.[15](#cphc201900839-bib-0015){ref-type="ref"} These effects have been rationalized in a variety of ways, none of which seems to be able to explain everything, although the idea that the cohesive energy density of D~2~O strengthens hydrophobic interactions is widespread.[8](#cphc201900839-bib-0008){ref-type="ref"} Ten years ago, in an extensive review of quantum simulations of water, Peasani and Voth[9](#cphc201900839-bib-0009){ref-type="ref"} concluded that "*From a theoretical point of view, very little is known about the effects of D~2~O on the properties of biomolecules*".

Traditionally, rationalizations of D~2~O\'s remarkably different properties to H~2~O have centered on vibrational or quantum mechanical effects in the nuclear dynamics. These differ strongly between the two isotopes because deuterium is twice as heavy as hydrogen. Car‐Parrinello density‐functional theory (DFT) path‐integral molecular‐dynamics simulations have been used to simulate water and D~2~O[16](#cphc201900839-bib-0016){ref-type="ref"} and give far better agreement with experiment than classical simulations. These simulations include both electronic and nuclear quantum effects (NQE). However, the DFT technique employed does not reproduce dispersion, which is likely to be a small but significant part of hydrogen bonding.[17](#cphc201900839-bib-0017){ref-type="ref"} The traditional "organic" view is simply that deuterium is more electronegative than hydrogen.[18](#cphc201900839-bib-0018){ref-type="ref"} This view is hard to justify rigorously but does rationalize many experimental observations. We now report high‐level static *ab initio* molecular orbital calculations and *ab initio* path‐integral molecular‐dynamics (AI‐PIMD) simulations. They demonstrate that hydrogen bonding in the water dimer depends significantly on the O−H bond lengths, so that some of the observed difference between H~2~O and D~2~O can be attributed to an electronic quantum mechanical effect, which, however, is opposed by NQE effects.

2. Methods {#cphc201900839-sec-0002}
==========

The *C~s~* water dimer structure shown below was used for all static calculations. It contains three types of hydrogen atom; the donor hydrogen H~D~, the remote hydrogen on the donor water molecule H~R~, and the two equivalent hydrogen atoms on the acceptor water H~A~. ![](CPHC-20-2461-g005.jpg "image")

Geometry optimizations were performed at the MP2[19](#cphc201900839-bib-0019){ref-type="ref"}/aug‐cc‐pVTZ[20](#cphc201900839-bib-0020){ref-type="ref"} level without counterpoise corrections, which amount to 0.17 kcal mol^−1^ at this level. Calculations were also performed with a counterpoise correction but lead to the same conclusions as those without. Details are provided in the Supporting Information. Full geometry optimization within *C~s~* symmetry was confirmed to give a minimum‐energy structure by calculating the normal vibrations within the harmonic approximation. Additionally, four series of calculations were performed in which the O~D~−H~D~ and O~D~−H~R~ bond lengths, both bond lengths to O~D~ and both bond lengths to OA were constrained to values of 0.97, 0.98, 0.99 and 1.00 Å. All other geometrical parameters were optimized fully within *C~s~* symmetry. Single‐point CCSD(T)[21](#cphc201900839-bib-0021){ref-type="ref"}, [22](#cphc201900839-bib-0022){ref-type="ref"}/aug‐cc‐pVTZ calculations were performed on the optimized geometries in order to obtain refined Born‐Oppenheimer hydrogen‐bonding energies. Parallel calculations at the same levels were performed for the distorted water monomers in order to obtain the hydrogen‐bonding energies $\Delta E_{HB}$ , which are defined as$$\Delta E_{HB} = E_{Dimer,constrained}^{Tot} - E_{{H2O}{,{opt}}}^{Tot} - E_{{H2O}{,{constrained}}}^{Tot}$$

where$E_{{dimer}{,{constrained}}}^{Tot}$ is the CCSD(T)/aug‐cc‐pVTZ total energy of the constrained dimer, $E_{{H2O}{,{constrained}}}^{Tot}$ that of a monomer subject to exactly the same geometrical constraints as for the dimer and $\Delta E_{H2O,opt}$ that of the fully optimized monomer. Thus, *ΔE~HB~* represents the hydrogen‐bonding energy of the distorted monomer with a second unconstrained water molecule. All static calculations used Gaussian09.[23](#cphc201900839-bib-0023){ref-type="ref"}

We have also performed AI‐PIMD simulations[24](#cphc201900839-bib-0024){ref-type="ref"}, [25](#cphc201900839-bib-0025){ref-type="ref"} in order to assess the impact of finite‐temperature and NQE on the structure of the individual water molecules of the water dimer and the bulk. The second‐generation Car‐Parrinello‐based quantum ring‐polymer contraction method of Kühne and coworkers was used.[26](#cphc201900839-bib-0026){ref-type="ref"}, [27](#cphc201900839-bib-0027){ref-type="ref"} This approach not only permits substantial acceleration compared to conventional Car‐Parrinello molecular dynamics simulations,[27](#cphc201900839-bib-0027){ref-type="ref"} but also includes NQE explicitly at no additional computational cost.[28](#cphc201900839-bib-0028){ref-type="ref"} Specifically, the interatomic forces were computed at the DFT/TZV2P level of theory using the CP2 K Quickstep code[29](#cphc201900839-bib-0029){ref-type="ref"} with the TPSS exchange and correlation functional[30](#cphc201900839-bib-0030){ref-type="ref"}, [31](#cphc201900839-bib-0031){ref-type="ref"} in conjunction with Grimme′s D3 dispersion correction,[32](#cphc201900839-bib-0032){ref-type="ref"} whereas the force‐matched fm‐TIP4P/F‐TPSS‐D3 water was used as the computationally inexpensive auxiliary potential.[33](#cphc201900839-bib-0033){ref-type="ref"} The equations of motion for the AI‐PIMD at 50 K using 128 ring‐polymer beads were integrated using the i‐Pi interface.[34](#cphc201900839-bib-0034){ref-type="ref"}

Note that, for water clusters, even rigorously including nuclear quantum effects, path‐integral molecular dynamics simulations at the MP2 and even CCSD levels of theory are feasible.[35](#cphc201900839-bib-0035){ref-type="ref"} However, in this study we investigate the impact of NQE and finite temperature effects consistently for isolated molecules and bulk water. For the latter, no more accurate treatment than the DFT level of theory used is feasible. However, the TPSS‐D3 exchange and correlation functional used systematically outperforms the popular PBE‐D3 functional and gives a mean absolute deviation of less than 5 kcal mol^−1^ with respect to CCSD and MP2 reference calculations extrapolated to the complete basis set limit for the WATER27 benchmark.[36](#cphc201900839-bib-0036){ref-type="ref"}

3. Results {#cphc201900839-sec-0003}
==========

Figure [1](#cphc201900839-fig-0001){ref-type="fig"} shows the hydrogen‐bond energies obtained in the static calculations as a function of the constrained O−H bond length.

![Dependence of the calculated (CCSD(T)/CBS) Born‐Oppenheimer hydrogen‐bonding energies (as defined in Equation (1)) on the length of the constrained OH‐bond(s). The vertical dashed lines indicate the experimental bond lengths observed for D~2~O (red) and H~2~O (blue). The gas‐phase and liquid values are taken from references \[6\] and \[7\], respectively.](CPHC-20-2461-g001){#cphc201900839-fig-0001}

Lengthening the O−H bonds results in increased *ΔE~HB~* for the O~D~−H~D~ and O~A~−H~A~ bonds and the opposite for the O~D~−H~R~ bond. However, lengthening both bonds to O~D~ results in an increase in *ΔE~HB~* that is almost as large as that found for O~D~−H~D~ alone. The largest effect is found when O~D~−H~D~ is lengthened. The vertical dashed lines in Figure [1](#cphc201900839-fig-0001){ref-type="fig"} indicate the bond lengths in H~2~O (0.972 Å and 0.985 Å in the gas[6](#cphc201900839-bib-0006){ref-type="ref"} and liquid[37](#cphc201900839-bib-0037){ref-type="ref"} phases, respectively) and D~2~O (0.969 and 0.990 Å). They indicate that the hydrogen bond in an H~2~O dimer should be approximately 1.0 % more stable than in the corresponding D~2~O dimer, exactly as the O−H bond in liquid H~2~O is found to be 1.0 % longer than its equivalent in D~2~O.

As can be seen in Table S2, the AI‐PIMD simulations showed that both intermolecular distances are increased due to NQE (up to 4 % for the H~D~...O~A~ distance), which is consistent with previous PIMD simulations and experimental measurements of liquid water.[7](#cphc201900839-bib-0007){ref-type="ref"}, [33](#cphc201900839-bib-0033){ref-type="ref"} Interestingly, however, the intramolecular O−H bonds are, on the one hand, shortened by up to 5 % (O~D~−HR) by NQE, whereas in bulk water they are slightly elongated.[33](#cphc201900839-bib-0033){ref-type="ref"} Moreover, the intramolecular angles are increased by as much as 1 % (H~R~−O~D~−H~D~), which again contrasts with the bulk, where the intramolecular angles are slightly decreased due to NQE.[33](#cphc201900839-bib-0033){ref-type="ref"} As expected, the impact of NQE is particularly pronounced for H~2~O, followed by HDO and D~2~O.

4. Discussion {#cphc201900839-sec-0004}
=============

We have previously pointed out that polarization of the O−H bond in hydrogen‐bond donors has a large effect on the strength of hydrogen bonding.[38](#cphc201900839-bib-0038){ref-type="ref"} This is because of the polar flattening effect observed for A−H bonds (A is an electronegative element).[39](#cphc201900839-bib-0039){ref-type="ref"}, [40](#cphc201900839-bib-0040){ref-type="ref"}

Such bonds are easily polarized because the electron density assignable to the hydrogen atom is shifted into the A−H bond and can be moved towards or away from the hydrogen atom by applied fields.[41](#cphc201900839-bib-0041){ref-type="ref"} A similar effect is responsible for the data reported above, as shown schematically in Figure [2](#cphc201900839-fig-0002){ref-type="fig"}.

![Schematic diagram of the effect of lengthening an A−H bond. When the distance between the nuclei is increased by δr~nucleus~, the center of the electron density assignable to the hydrogen 1 s‐orbital moves by δr~orbital~. This distance is smaller than δr~nucleus~ because the attraction due to the single nuclear charge of the hydrogen is unable to compensate for the loss of bonding overlap in the A−H bond as the bond is extended.](CPHC-20-2461-g002){#cphc201900839-fig-0002}

This can be seen in the molecular electrostatic potential plotted[42](#cphc201900839-bib-0042){ref-type="ref"} at the standard 0.001 electron Bohr^−3^ isodensity surface[43](#cphc201900839-bib-0043){ref-type="ref"} of water in which one bond has been extended to 0.99 Å, as shown in Figure [3](#cphc201900839-fig-0003){ref-type="fig"}.

![The molecular electrostatic potential at the 0.001 a.u. isodensity surface calculated using the MP2/aug‐cc‐pVTZ electron density for a water molecule in which the right‐hand O−H bond has been fixed at 1.00 Å and both other geometrical degrees of freedom optimized. The left‐hand O−H bond length is 0.960 Å. The color scale ranges from −44 (blue) to +50 (red) kcal mol^−1^.](CPHC-20-2461-g003){#cphc201900839-fig-0003}

In this case, the σ‐hole on the right‐hand hydrogen (the one with the longer bond) is more pronounced than that on the other. This effect amounts to a perturbation of approximately 2 % (the most positive MP2/aug‐cc‐pVTZ MEP at the isodensity surface on the left and right hydrogen atoms is +44.0 and +45.0 kcal mol^−1^, respectively) and is directly related to *ΔE~HB~*.^44^

The hydrogen bond (H~D~⋅⋅⋅O~A~) distance also increases as the O−H bonds are stretched, as shown in Figure [4](#cphc201900839-fig-0004){ref-type="fig"}.

![The dependence of the hydrogen‐bond (H~D~⋅⋅⋅O~A~) length on that of the constrained O−H bonds. A discontinuity occurs if both O−H~A~ bonds are stretched to 1 Å.](CPHC-20-2461-g004){#cphc201900839-fig-0004}

The total Born‐Oppenheimer shortening of the (H~D~⋅⋅⋅O~A~) hydrogen bond as the constrained O~D~−H~D~ bond length increases from 0.96 to 1.00 Å amounts to 1.7 %. This is less than half of the 4 % observed experimentally,[7](#cphc201900839-bib-0007){ref-type="ref"} which shows that some of the shortening is a purely electronic effect, not only one of NQE.

As pointed out above, the explicit inclusion of NQE entails an increase in the intermolecular distance, which is a consequence of intermolecular quantum fluctuations that are known to weaken hydrogen bonds.[45](#cphc201900839-bib-0045){ref-type="ref"} Then again, the intramolecular distance is reduced due to NQE, while, at the same time, the intramolecular angle increases, in contrast to the bulk. Together, this immediately suggests an NQE‐induced reduction of the molecular dipole moment, as is also seen directly in the present CCSD(T)/aug‐cc‐pVTZ calculations.

These intramolecular zero‐point fluctuations in the anharmonic O−H stretching coordinate are most likely a consequence that, for the low‐temperature water dimer, the intramolecular potential is rather hard. In any case, a smaller molecular dipole moment entails even weaker intermolecular interactions between the two water molecules.

In other words, contrary to bulk water at ambient conditions, where a competition between inter‐ and intramolecular quantum fluctuations has been proposed,[46](#cphc201900839-bib-0046){ref-type="ref"} we find that for the low‐temperature water dimer NQE are cooperative. This is to say that the well‐known weakening of hydrogen bonds in liquid water due to NQE is even more pronounced in the low‐temperature water dimer, which explains the rather large increase in the intermolecular distance. Because NQE are generally larger in H~2~O than in D~2~O hydrogen bonds, the former are weakened most by quantum fluctuations. This leads to the surprising conclusion the static‐electronically weaker hydrogen‐bond in D~2~O becomes stronger when NQE are taken into account, which is consistent with AI‐PIMD simulations of others.[28](#cphc201900839-bib-0028){ref-type="ref"} This effect is, however, weaker in bulk water than in the isolated water dimer.

5. Conclusions {#cphc201900839-sec-0005}
==============

The above calculations suggest that the difference in hydrogen‐bond strength between D~2~O and H~2~O exists even at absolute zero and is caused by changes in the molecular wavefunction that result from the lengthening of the O−H bonds by zero‐point vibrations, especially in the very anisotropic O~D~−H~D~ bond. Further vibrational effects are likely as the temperature increases, but there remains an underlying difference in the inherent hydrogen‐bonding strength of the two molecules. These conclusions are reflected in the experimental observations that "deuterium is more electronegative than protium"[18](#cphc201900839-bib-0018){ref-type="ref"} and in the idea[37](#cphc201900839-bib-0037){ref-type="ref"} that the dipole moment of O−H bonds is larger than that of inherently shorter O−D bonds. The observed electronic effect is, however, more subtle and is better described by Figure [2](#cphc201900839-fig-0002){ref-type="fig"}. H~2~O is both a better hydrogen‐bond donor and acceptor than D~2~O, although the former effect is larger, as shown in Figure [1](#cphc201900839-fig-0001){ref-type="fig"}. Atomistic force fields designed to reproduce differences between H~2~O and D~2~O should give slightly (approximately 1 %) weaker hydrogen bonds for deuterium than hydrogen in addition to being polarizable. The inclusion of NQE, however, causes that the initially stronger hydrogen bond of H~2~O eventually becomes weaker due to the quantum fluctuation induced cooperative weakening, which is particular pronounced for H and the present low‐temperature water dimer.
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